Since the completion of the sequencing of the Arabidopsis (Arabidopsis thaliana) genome in 2000, it has become clear that information about the genome of a particular plant species can have dramatic benefits in promoting plant molecular genetics in general. To create a similar situation in legumes, two species with small genomes, Lotus japonicus (Japanese trefoil) and Medicago truncatula (barrel medic), with diploid genomes of 470 to 500 Mb in size, were chosen as references, and genome sequencing was launched at the beginning of this decade (Young et al., 2005) . Although the genomes of both species have yet to be fully sequenced, a significant amount of information about their gene structures as well as physical and genetic maps has been made public. In addition, a variety of material resources, such as genomic and cDNA libraries, have been generated during the course of the sequencing work and as a result of sequence analysis. These information and material resources have already contributed to our understanding of genetic systems of biological importance, especially with respect to legume-specific phenomena (Stacey et al., 2006) , and are expected to continue to augment research in this field as sequencing continues and is eventually completed for both genomes. Here, we briefly describe the current status of the genome sequencing of these two model legumes and summarize the information and material resources currently available to facilitate dissemination and exploitation of the resources within the various fields of legume biology.
STRUCTURAL ANALYSIS OF THE GENOMES OF MODEL LEGUMES
Details of the genome sequencing projects in L. japonicus and M. truncatula have been described previously (Young et al., 2005) . Both projects basically adopted the same strategy, which was designed to preferentially sequence genespaces within the genomes. Multiple seed points on each genome were chosen on the basis of the sequences of known proteinencoding genes, and then corresponding bacterial artificial chromosome (BAC) or P1 phage-derived, transformation-competent artificial chromosome (TAC) clones (Liu et al., 1999) were selected by PCR or hybridization. The selected clones were sequenced with high accuracy before being subjected to gene modeling and annotation using a combination of computer programs. As of January 2007, 176 Mb (89 Mb finished, 9 Mb at phase 2, and 78 Mb at phase 1) and 189 Mb (122 Mb finished, 37 Mb at phase 2, and 30 Mb at phase 1) nonredundant sequences of the L. japonicus and the M. truncatula genomes, respectively, had been released. These correspond to approximately 40% of the entire genomes of both L. japonicus and M. truncatula with estimation of more than 60% coverage of the euchromatic regions, and cover 69% and 58% of public ESTs of L. japonicus and M. truncatula, respectively. In L. japonicus, shotgun sequencing is in progress to obtain draft sequences of the genespaces in the whole genome.
Gene assignment and gene modeling in L. japonicus were performed as follows. Similarity searches against several DNA and protein libraries were executed to find homologous regions to known gene sequences. Concurrently, ab initio gene-finding predictions were done, including those for splice sites (NetGene2 and splicepredictor), gene structure (GeneMark.hmm and Genescan), and protein-coding exons (Grail; Mural et al., 1992; Hebsgaard et al., 1996; Burge and Karlin, 1997; Brendel and Kleffe, 1998; Lukashin and Borodovsky, 1998) . All of the data, including information about positions, scores, phase, and directions, were parsed and improved by manual curation to create the final gene models. The gap/nap (Huang et al., 1997) program was used for mapping ESTs and protein sequences on genomic sequences. The International Medicago Genome Annotation Group has selected a canonical genome annotation procedure. Gene modeling involves a pipeline composed of FGENESH (Salamov and Solovyev, 2000) , EuGene (Foissac et al., 2003) gene structure predictor, and Combiner software (Allen et al., 2004) . The Institute for Genomic Research (TIGR) PASA (Haas et al., 2003) was used for aligning ESTs on the genome sequences.
The general features of the deduced proteinencoding genes in the model legumes are summarized as follows. The average length of a coding exon is 304 bp and the average number of introns per gene is 3.7 in L. japonicus. These features are quite similar to those of M. truncatula and Arabidopsis However, the average length of a gene, including introns, is longer in L. japonicus (2,883 bp) than in Arabidopsis (1,918 bp) due to the longer average length of an intron . Average gene density in the manually annotated regions of the L. japonicus genome (one gene in every 12.3 kb) is approximately half of the Arabidopsis genome (one gene in every 4.5 kb; TAIR6 Genome Statistics; http://www.arabidopsis.org/ portals/genAnnotation/gene_structural_annotation/ annotation_data.jsp#data), although this difference is less significant when retrotransposons are taken into account.
COMPARISON OF GENOME STRUCTURES AMONG MODEL PLANTS
Information about genome sequences and their positions in the genomes of both L. japonicus and M. truncatula have made it possible to explore genomescale synteny, which provides a basis for comparative genomic studies. Using more than 100 Mb of genome sequences anchored on the genetic linkage maps, a preliminary detailed comparison of sequence similarity and commonalities in genome position between the two genomes has been carried out (Cannon et al., 2006) . The results obtained clearly showed strong conservation of genome structures between the two species, despite incomplete genome coverage.
Comparison at the chromosomal level revealed the presence of large-scale synteny blocks (Choi et al., 2004b; Young et al., 2005) . Typical examples are L. japonicus chr 5 2 M. truncatula chr 1 and L. japonicus chr 1 2 M. truncatula chr 3 1 chr 7, where synteny was observed along the entire chromosomal regions (Cannon et al., 2006) . Macrosyntenic relationships between L. japonicus and M. truncatula are composed of 10 large synteny blocks. Each block spans the whole chromosome arm in most cases, and the sum of the blocks covers over 60% of the genome lengths of both M. truncatula and L. japonicus. Within the individual synteny blocks, the level of gene colinearity is significant. Gene contents and their order were conserved for approximately 60% of the predicted genes, excluding those related to transposable elements (Cannon et al., 2006) . It is likely that more sequence data as well as improvements in sequence accuracy and gene assignment will reveal still higher levels of microsynteny in the future.
During the course of the synteny analysis, segmental duplications within the genomes of L. japonicus and M. truncatula were often detected as synteny blocks (Cannon et al., 2006) . The degree of internal synteny within each genome was approximately one-fifth of what would be expected if a very recent single duplication of the whole genome had occurred. This low degree of conservation may reflect an ancient wholegenome duplication that was later subjected to various types of mutation, including deletions, insertions, base substitutions, and translocations. Microsynteny level within the genomes of L. japonicus and M. truncatula remains about half of that between the two genomes. According to synonymous substitution and phylogenetic analyses, the putative large-scale duplications would predate the divergence of the two species (Cannon et al., 2006 ). This speculation is further supported by the presence of paired synteny blocks exhibiting comparable levels of synteny between the two species, each of which would correspond to a descendent of the ancient duplication event.
Significant microsyntenic but not macrosyntenic relationships have been detected between model legumes and other plant species, including Arabidopsis, poplar (Populus trichocarpa), and rice (Oryza sativa; Stracke et al., 2003; Kevei et al., 2005; Zhu et al., 2006) . This limited degree of colinearity between the genomes of different plant species was found to be useful for map-based cloning in the model legumes (Stracke et al., 2003) . Furthermore, efforts to identify putative orthologs of L. japonicus and M. truncatula genes required for nodulation and arbuscular mycorrhizal symbiosis in nonlegume plants on the basis of microsyntenic relations have been reported (Zhu et al., 2006) .
INFORMATION AND MATERIAL RESOURCES FOR THE MODEL LEGUMES
Selected information resources for the two model legumes are listed in Table I . Kazusa DNA Research Institute provides a Web database for the L. japonicus genome sequence project (http://www.kazusa.or.jp/ lotus). Annotated genome and EST sequences as well as a high-density genetic map with marker information are available. The database provides visualized baseline annotations, including ab initio gene predictions and alignment to EST/cDNA and known protein sequences. A central online database for the M. truncatula genome project (http://medicago.org/ genome/) is maintained by the University of Minnesota and the Center for Computational Genomics and Bioinformatics (CCGB). This Web site offers a Java visualization interface for overlap information and status of sequence assembly of the BAC clones, and furnishes links to other M. truncatula sequencing or information centers, which in turn provide access to sequence-related information, such as genetic markers and BAC contigs . The Legume Information System (LIS) at the National Center for Genome Resources (NCGR) provides a database that integrates genetic and molecular data from multiple legume species and generates visual presentations of cross-species comparisons performed at genome or linkage map levels (Gonzales et al., 2005) .
Genetic mapping of determined sequences has been carried out to enhance the value of such information for molecular genetics and comparative genomics. In L. japonicus, an intraspecies genetic linkage map created on the basis of a cross between two accessions, Gifu B-129 and Miyakojima MG-20, has been used as a reference (Hayashi et al., 2001) . To anchor the sequenced TAC clones on this map, microsatellite or single nucleotide polymorphism markers were developed using the sequence information obtained Nakamura et al., 2002; Kaneko et al., 2003; Asamizu et al., 2003; Kato et al., 2003) . As of January 2007, a total of 1,589 clones had been located on the genetic linkage map using 814 microsatellite and 80 dCAPS markers and information on overlapping with the genetically mapped clones. Information about the microsatellite and dCAPS markers is available from the Web site at http://www.kazusa.or.jp/lotus/g_map/B-129xMG-20/ table/SSR.html/ and http://www.kazusa.or.jp/lotus/ g_map/B-129xMG-20/table/dCAPS.html/, respectively. In the M. truncatula genome project, genetic markers and maps were created in collaboration with the University of California at Davis, the University of Minnesota, the French National Institute for Agricultural Research (INRA)-Centre National de la Recherche Scientifique (Toulouse, France), and the Biological Research Center Institute of Genetics in Szeged, Hungary. A core genetic linkage map has been generated using two genotypes, A17 and A20 (Choi et al., 2004a) . As of January 2007, 1,039 molecular markers had been located on the core genetic linkage map, and marker-associated BAC clones had been selected for 89% of these markers. Detailed information on these markers can be retrieved from the M. truncatula genome project Web site (http://www. medicago.org/genome/map.php). Together with those that overlap with the marker-associated clones, a total of 1,900 sequenced BAC clones (97% of total sequenced clones) have been assigned to their respective genetic loci.
EST information is crucial for accurate gene annotation of the genome sequence; it gives information about gene structure, alternative splicing, expression patterns, and transcript abundance. The L. japonicus EST information and transcriptome data are provided by the Lotus EST database at http://www.kazusa. or.jp/en/plant/lotus/EST/. The EST sequences were clustered into groups to reduce redundancy and were annotated with the BLASTX search results against a protein database UniRef100 (Apweiler et al., 2004) . Transcriptome analyses of the L. japonicus nodulation process have been performed by two methods, cDNA macroarrays and serial analysis of gene expression (Kouchi et al., 2004; Asamizu et al., 2005) . Expression data obtained from the array experiments are linked to the EST information and are provided from the same site. Integration of the EST and transcriptome data into the Lotus genome annotation database is in progress. M. truncatula EST databases have been created, such as the Medicago EST Navigation System (Journet et al., 2002) , the Dana-Farber Cancer Institute Medicago Gene Index, which is the successor of the TIGR Medicago Gene Index (Lee et al., 2005) , and the MtDB3 Nimbus Database available at http://medicago.org:8180/MtDB3/ nimbus/project.do?project5MtDB3. This database provides links to overall information about the EST sequences, e.g. the UniRef100, hidden Markov model, and gene ontology terms.
As the genome projects of the two model legumes have advanced, material resources, such as a large number of cDNA clones and genomic libraries, have been developed. These resources constitute extremely valuable tools for genetic and physiological studies on individual biological phenomena when they are made available to the research community. Miyazaki University has established a resource center for L. japonicus and soybean (Glycine max) that is financially supported by the National Bioresource Project of Japan. They distribute TAC/BAC genomic and cDNA (Perry et al., 2003) . Most material resources for M. truncatula are distributed from the institutes where the resources were developed. cDNA and BAC libraries generated by European groups are collected and distributed to the research community from the Centre National de Ressources Génomiques Végétales in France (http:// toulouse.inra.fr/cnrgv/). In the United States, mth1 and mth2 BAC libraries and derived individual clones are provided by the Clemson University Genomics Institute (http://www.genome.clemson.edu/), and EST clones from 14 distinct cDNA libraries are available from the Samuel Roberts Noble Foundation (http://www.noble.org/PlantBio/). Germlines and other genetic resources, such as recombinant inbred lines and mutant lines, are maintained at four resource centers, the South Australian Research and Development Institute, the U.S. Department of Agriculture National Plant Germplasm System, INRA, and the Samuel Roberts Noble Foundation (United States). Detailed information about the above resources has been summarized in an online-accessible article (Nair et al., 2006) .
FROM MODELS TO CROPS
An essential role for model plants is to serve as a source of the accumulated knowledge to transfer to crop plants by means of common gene sequences and DNA markers. Though reliable and efficient procedures for knowledge transfer have yet to be established, intensive trials to utilize the information of model legumes in crops have been undertaken for a variety of purposes. One straightforward and promising approach-direct gene transfer from a model plant to a crop-is exemplified by a report using the isoflavone synthase gene of M. truncatula to engineer genistein glucoside production in alfalfa (Medicago sativa; Deavours and Dixon, 2005 ). An alternative approach is based on the use of DNA markers primarily for the identification of synteny among legumes, followed by the development of selection markers.
DNA markers that allow cross-species mapping, referred to as ''anchor markers,'' are essential for comparative genome analysis. The anchor markers are usually developed from the protein-encoding regions of the genome to define unique loci in the genetic linkage maps of multiple species. An intensive study in which anchor markers successfully detected orthologous loci in multiple legume genomes has been reported (Choi et al., 2006) . Efforts to integrate the informative anchor markers into linkage maps of a variety of crop legumes are also in progress Nelson et al., 2006; Phan et al., 2007) . Furthermore, an automated bioinformatic pipeline for the development of anchor markers has been developed (Fredslund et al., 2006) .
By utilizing the anchor markers as well as orthologous gene sequences, a growing number of studies have demonstrated extensive synteny among model and crop legumes, as summarized previously (Zhu et al., 2005) . The syntenic relations identified in eight legume species have been compiled into a simplified consensus map. As an example of the extension of synteny analysis for the development of applications, a fine genetic map around a region of a virus-resistance gene (Rsv4) in soybean has been constructed using DNA markers generated by comparison of the genome sequences of soybean and L. japonicus (Hwang et al., 2006) . Aubert et al. have reported the construction of a functional map in pea (Pisum sativum) that is composed of markers derived from the genes of both pea and M. truncatula (Aubert et al., 2006) . It is hoped that this map will be used to identify genes responsible for phenotypic trait variability by the candidate gene approach.
To support comparative genome analysis among legumes, databases that integrate genetic and genomic data from multiple legume species have been developed. LIS (http://www.comparative-legumes.org/lis/) and LegumeDB (http://ccg.murdoch.edu.au/index. php/LegumeDB; Gonzales et al., 2005; Moolhuijzen et al., 2006) are examples. These databases provide curated genetic maps, and genomic and transcriptomic data from various sources, allowing cross-species comparison with well-organized viewers. On the other hand, for a comparison of the genomes of a wider range of plant species, the Phytome project (www.phytome. org) provides an informative and user-friendly platform (Hartmann et al., 2006) . This database collects protein-encoding gene sequences from a variety of angiosperms, including model and crop legumes, and emphasizes phylogenomics, thus facilitating the identification of orthologous and paralogous sequences.
PERSPECTIVES
The increasing rate of accumulation of genomic sequence information allied to the increasing availability of associated material resources is drastically accelerating the pace of investigation of the genetic backgrounds of individual biological phenomena in model legumes. Furthermore, the development of these resources has facilitated the introduction of ''omics'' approaches that are crucial for our comprehensive understanding of whole genetic systems in legume plants. Comparison of the knowledge obtained by performing comparative genomics between legumes and other model plants, such as Arabidopsis and rice, would not only allow the identification of legumespecific systems but also would provide insights into plant genome evolution.
Model plants hold the promise that their genomic and genetic information will be used for crop breeding. A typical example are the Poaceae, where the sequencing of the rice genome is encouraging the development of molecular genetics approaches to other Poaceae crops, such as maize (Zea mays), sorghum (Sorghum bicolor), wheat (Triticum aestivum), and barley (Hordeum vulgare; Jaiswal et al., 2006) . Accumulating sequence information and comparative genomics among Poaceae crops has identified and permitted the screening of many kinds of quantitative trait loci related to important agronomic traits in markerassisted selection breeding programs (Koebner and Summers, 2003; Tamasaki et al., 2005; Ashikari and Matsuoka, 2006) . On the other hand, the situation is somewhat different in the case of the legume family mainly for two reasons. First, the two model plants L. japonicus and M. truncatula are wild and noncultivated species, and, second, legume crops are more diverse in terms of phylogeny and potential uses (Graham and Vance, 2003) . For this reason, the sources and types of information acquired from these models should be carefully sifted according to the targeted crops and breeding objectives. For example, it is generally accepted that knowledge about certain shared characteristics of legumes, such as the pathways involved in symbiosis with rhizobia and the synthesis of flavonoids and glycosides, is considerably transferable from models to crops. However, such model information may not be very valuable for improving certain specific traits, such as the seed yield and oil contents of bean crops, e.g. soybean and pea, because it is likely that such traits have already been acquired by these crops during the course of their domestication but not by wild species. In contrast, information from these two models may be useful for forage legumes, e.g. alfalfa and clovers, even for the study of holistic agronomic traits, such as yield and growth habits, because L. japonicus and M. truncatula are related to the forage legume species Lotus corniculatus (birdsfoot trefoil) and alfalfa, respectively.
The transfer of knowledge acquired from model plants, mainly through orthologous gene sequences and DNA markers, results in identification and isolation of the corresponding genes using genomic and/or cDNA libraries and common DNA markers on genetic linkage maps in crop plants. Such resources have been vigorously developed for model legumes but not intensively for crop legumes so far. A remarkable exception is sequencing of the soybean genome (http://www.energy.gov/news/2979.htm). The creation of a larger number of ''common words'' will be crucial for the more efficient transfer of knowledge and for facilitating the exchange of knowledge between researchers working on legumes. In addition, organization of a public system to share the information and material resources within the legume community, e.g. genome databases, bioinformatics tools, and resource centers, is urgently required.
